ABSTRACT: Perkinsus qugwadi, a pathogenic protozoan parasite of Yesso scallops Patinopecten yessoensis, is found only in cultured populations in British Columbia, Canada. This pathogen was first identified in 1988 and caused significant mortalities at some locations during the early 1990s. Prevalence of infection decreased dramatically following 1995, and the disease was last reported in 1997, leading to speculation that the Yesso scallop stocks in Canada had developed resistance to the disease, or that P. qugwadi had disappeared. However, the present study revealed that infection with P. qugwadi and associated mortality is still occurring in scallops from at least one location in British Columbia. One of the PCR tests developed for P. qugwadi detected the parasite in a 10 5 -fold dilution of DNA extracted from a heavily infected sample and detected 52% more positive scallops than histology; however, the assay also cross-reacted with P. honshuensis and P. olseni. The other PCR test was less sensitive and detected 34% more positives, but did not react to any of the other Perkinsus species tested, suggesting that these PCR tests are powerful tools for screening for the presence of P. qugwadi. Phylogenetic analysis of 1796 bp of SSU rRNA gene sequence clearly indicated that P. qugwadi is positioned basally to other Perkinsus species.
INTRODUCTION
The Yesso scallop Patinopecten (= Mizuhopecten) yessoensis occurs naturally in waters off northern Japan, the Russian Federation Far East, and the Korean Peninsula. Due to declining wild harvests, high market value, and high market demand, this species is widely cultured in China, Japan, Korea, and the Russian Federation. Annual production from these regions in 2007 was more than 2 × 10 6 t (FAO 2009) . There is also a small Yesso scallop industry in British Columbia, Canada, and this industry is based on hatchery culture of seed from broodstock that was originally introduced from Japan in 1983. This introduction strictly followed the International Council for Exploration of the Sea (ICES) Code of Practice on the Introductions and Transfers of Marine Organisms 1994 (ICES 1995) . Following import into British Columbia, broodstock were held in strict quarantine, the resulting seed screened for disease by histology prior to out-planting, and finally all of the initial broodstock animals that had been introduced were destroyed. Although successful spawning and hatchery production of juveniles was achieved following this introduction, several diseases were identified during subsequent grow-out trials (Bower et al. 1992) . Of particular concern was a protozoan parasite of unknown taxonomic affiliations referred to as scallop protozoan X (SPX), which was later described based on morphology as Perkinsus qugwadi (Blackbourn et al. 1998) . Between 1988 and 1995, P. qugwadi caused significant disease at some locations, with mortality rates of up to 98% in juveniles (< 5 cm in shell height, <1 yr old) and up to 60% in adults (about 9 cm in shell height, 2 yr old) (Bower et al. 1998) .
Perkinsus qugwadi is in the same genus as 2 other important bivalve pathogens, P. marinus and P. ol seni. However, when compared to other Perkinsus species, relatively little information is available for P. qug wadi, mainly because it has not been cultured or maintained in vitro (Bower et al. 1992 , Blackbourn et al. 1998 ). Prior to this study, P. qugwadi had not been reported in Canada since 1997 (G. Meyer unpubl.), and there has been no active surveillance or additional research on this parasite since that time, as it was no longer considered problematic by the scallop aquaculture industry.
To date, Perkinsus qugwadi has not been reported outside of British Columbia, raising the possibility that it is native to this region and that there may be other hosts for this parasite that served as reservoirs for the disease outbreaks seen in the 1980s and 1990s. The goal of this study was to re-examine areas previously known to be endemic for P. qugwadi for the presence of the parasite in Yesso scallops and other species of bivalve mollusks. To this end, we developed 2 PCR tests for detection of P. qugwadi which were used along with histology for screening. Additionally, the small subunit (SSU) ribosomal RNA gene of P. qugwadi was sequenced and used for phylogenetic analysis to evaluate whether molecular data support its taxonomic classification in the genus Perkinsus.
MATERIALS AND METHODS
Scallop collection, tissue sampling, histology, and DNA extractions
In October 2011, 100 juvenile Patinopecten yessoensis (mean ± SD shell height: 29.5 ± 4.6 mm) were collected from a suspended culture site in Kanish Bay, Quadra Island, British Colombia, Canada, where a high prevalence of Perkinsus qugwadi had previously been reported (Bower et al. 1998) . The left valve from each scallop was removed, and an initial examination for tissue lesions was made using a dissecting microscope. Following removal of the right valve, small portions of the gills, gonads, and digestive gland of each individual were excised and preserved in 95% ethanol for subsequent DNA extraction. The remaining tissues were fixed in Davidson's solution (Shaw & Battle 1957) , and then further dissected by cutting a 2 to 3 mm thick cross section through the digestive gland, gonad, gill, and mantle. Tissue samples were processed using routine histological techniques, and deparaffinized 5 µm thick tissue sections were stained with Harris's modified hematoxylin and eosin. Histology slides were examined using light microscopy, and the infection status for each specimen was assessed according to the modified categories shown in Table 1 (Bower et al. 1999) .
DNA was extracted from a sample containing gill, mantle, and digestive gland tissue for each scallop using a DNeasy Mini Kit (Qiagen) following the manufacturer's instructions. Individual DNA samples were stored at 4°C if analysis was to occur within the week or at −20°C if analysis occurred at a later date. 
Development of PCR tests for Perkinsus qugwadi
The universal Perkinsus spp. PCR primers (ITS85/ ITS750) developed by Casas et al. (2002a) failed to amplify the targeted product from P. qugwadi (data not shown). Accordingly, we used rDNA ITS1 to ITS2 regions of P. qugwadi (GenBank accession no. AF151528) to design PCR primers, as these areas are known to be highly variable among the Perkinsus species (Casas et al. 2002a ,b, Dungan et al. 2002 .
Primers for PCR-1 were PqugF9 and PqugR9b (Table 2 ) based on the ITS2 region of Perkinsus qugwadi, and the final volume of each PCR reaction was 20 µl and contained 1× PCR buffer, 1.5 mM MgCl 2 , 0.8 mM dNTP, 0.025 U µl −1 Takara Taq HS, 0.6 µM of each primer, and 1 µl of extracted template DNA. The thermocycler program consisted of an initial denaturation at 94°C for 3 min, followed by 40 cycles of 94°C for 30 s, 53°C for 30 s, 72°C for 30 s, and a final extension at 72°C for 10 min. The expected PCR product from P. qugwadi DNA in this assay was 143 bp.
Primers for PCR-2 were PqugF7TC in the ITS1 region and PQ3R in the ITS2 region ( Table 2 ). The final volume of PCR reactions was 20 µl and contained 1× Platinum Taq Buffer (Invitrogen), 1.5 mM MgCl 2 , 0.2 mM dNTP, 0.3 M of each primer, 0.02 U µl −1 Platinum Taq (Invitrogen), and 1 µl of extracted template DNA. The same thermocycler program was used as above except the annealing temperature was 54°C. The expected PCR product from Perkinsus qugwadi DNA in this assay was 281 bp.
The products for PCR-1 and PCR-2 were visualized on 2.0 and 1.5% agarose gels, respectively, stained with SYBR Safe (Invitrogen). PCR products were extracted using a QIAquick Gel extraction Kit (Qiagen), and directly sequenced with PCR primers by an external sequencing facility (Macrogen Japan).
Specificity of both PCR tests was assessed using DNA samples of all 7 described Perkinsus species. Sources of DNA were isolates of P. olseni (ATCC no. PRA-181), P. chesapeaki (ATCC no. PRA-65), P. hon shuensis (ATCC no. PRA-177), and P. mediterraneus (Pmed-G2) (Casas et al. 2008) , as well as tissues of Crassostrea virginica infected with P. marinus and C. ariakensis infected with P. beihaiensis. To confirm the presence of P. marinus and P. beihaiensis in infected tissues, we conducted PCR using the universal primers for Perkinsus spp., ITS85/ITS750 (Casas et al. 2002a ) and directly sequenced the products. The sequences of the products from C. virginica and C. ariakensis were identical to rRNA sequences of P. marinus (GQ861511, AY295199, and AY295198) and P. beihaiensis (JN -054741), respectively. The positive control sample was DNA extracted from a scallop that was categorized as having a very heavy infection with P. qugwadi by histological examination. Sensitivity of both PCR tests was evaluated using serial dilutions of the positive control sample with DNA from an uninfected scallop, as well as by comparing the PCR test results with those of histology for all 100 juvenile scallops.
Examination of native bivalve species for infection with Perkinsus qugwadi
Nine bivalve species native to British Columbia were collected from Kanish Bay and Granite Bay and tested for infection with Perkinsus qugwadi (Table 3) . Specimens were collected as close as possible to juvenile scallops; however, these distances ranged from <1 m to about 1500 m, depending on species abundance and habitat suitability. Tissue sampling and DNA extraction procedures Table 2 . PCR primers used in this study were the same as those used for juvenile scallops, except that following extraction, DNA from 3 to 8 individuals was pooled (Table 3) , and 0.5 µl of the pooled DNA was added to a 10 µl PCR reaction mixture. For this examination, PCR-1 was used as described above, but histological examination was only conducted on specimens that tested positive by PCR.
Identification of Perkinsus qugwadi SSU rRNA gene and phylogenetic analysis
To examine the phylogenetic position of Perkinsus qugwadi, a 1796 bp region of the SSU rRNA gene was amplified and sequenced. Template DNA was extracted from a heavily infected scallop (as identified by histology) using a DNeasy Mini Kit (Qiagen) following the manufacturer's instructions. The SSU rRNA gene of P. qugwadi was amplified as follows using a combination of universal and specific primers. The final volume of all PCR reactions was 20 µl and contained 1× Titanium Taq Buffer (Clontech), 1.5 mM MgCl 2 , 0.2 mM dNTP, 0.2 µM of each primer, 0.05 U µl −1 Titanium Taq (Clontech), and 2 µl of extracted template DNA. Using primer Pm18S-1098F (Table 2 ) designed in a conserved region of the SSU rRNA gene of eukaryotes, and primer PqITS-22R (Table 2 ) designed in the ITS1 region of P. qugwadi (GenBank accession no. AF151528), an initial PCR reaction was performed. The thermocycler program consisted of an initial denaturation at 94°C for 5 min, followed by 30 cycles of 94°C for 30 s, 54°C for 30 s, and extension at 72°C for 45 s, and final extension at 72°C for 7 min. PCR products were sequenced using both PCR primers in a 10 µl reaction containing 1.6 pmol primer, 1 µl of BigDye Terminator v. 3.1 (Applied Biosystems), 2 µl of 5× Sequencing Buffer (Applied Biosystems), 5.5 µl of molecular-grade water, and 1 µl of PCR pro duct, previously purified with ExoSAP-IT (Affymetrix). Sequencing products were run on an ABI 3130xl Genetic Analyzer (Applied Biosystems), and data were viewed and edited using Sequencher v. 5.0 (Gene Codes).
The upstream region of SSU rRNA gene was amplified using the primer Pq18S-1198R (Table 2) de signed from the initial sequences that we ob tained, and Puniv18S-F (Table 2) designed at the 5' end of SSU rRNA gene from Perkinsus olseni (GenBank accession no. AF 509333), P. andrewsi (= P. chesapeaki) (AY30 5326), and P. marinus (AF497479). The thermocycler program consisted of an initial denaturation at 94°C for 5 min, followed by 35 cycles of 94°C for 30 s, 57°C for 30 s, 72°C for 90 s, and final extension at 72°C for 7 min. PCR products of the appropriate size (1200 bp) were purified from a 1.5% agarose gel using a QIAquick DNA Gel Extraction Kit (Qiagen). The resulting DNA was sent to Macrogen Japan for direct sequencing with the PCR primers and Pm18S-582F and Pm18S-710R (Table 2) which were designed from SSU rRNA gene sequences of Perkinsus spp. as described above. A contiguous sequence was assembled manually by ClustalW, and homology searches were conducted using nucleotide BLAST (http:// blast.ncbi.nlm.nih.gov/ Blast.cgi). The SSU rRNA gene sequence data were aligned with selected relevant species using ClustalW and analyzed by maximum likelihood with a general time reversible model and the neighbor-joining method with Ki mura's 2-parameter model using MEGA 5 (Tamura et al. 2011 ). Organisms used for phylogenetic ana lysis were 5 Perkinsus spp., viz. P. marinus (AF497 479), P. olseni (AF509333), P. medi terraneus (AY487831), P. andrewsi (= P. chesapeaki; AY305326), and P. qugwadi (this work); 2 dinoflagellates, Prorocentrum micans (EU 780638) and Heterocapsa triquetra (AF022198); 2 apicomplexans, Eimeria nieschulzi (U40263) and Cryptosporidium parvum (AF0934 94); and 2 ciliates, Paramecium caudatum (AF2176 55) and Oxytricha laceolata (AM412773). In total, 1782 bp of alignment were used for analysis, and 158 gaps in the alignment were treated as missing data. Bootstrap values were calculated with 1000 replicates. 
RESULTS

Field surveillance and histology
Gross examination revealed that 17 scallops showed signs characteristic of infection with Perkinsus qugwadi. These signs included the presence of distended opaque gonads and/or white pustules in the digestive gland. Histological examination confirmed that 16 of these 17 specimens were indeed infected with P. qugwadi. In total, P. qugwadi was detected by histology in 44 of 100 juvenile scallops examined. Intensity of infections was categorized and enumerated as follows: light (n = 9), moderate (n = 11), heavy (n = 20), very heavy (n = 4), and negative with no parasites observed (n = 56).
In histological sections, Perkinsus qugwadi was commonly observed in the gonad, digestive gland (Fig. 1A) , mantle, and gill tissues (Fig. 1B) , regardless of infection intensity. Focal lesions consisting of parasites and hemocyte infiltration (Fig. 1A) were frequently observed in specimens with light to moderate intensity infections. All developmental stages described in a previous report (Blackbourn et al. 1998 ), such as trophozoites (Fig. 1C,D) , tomonts (Fig. 1D) , and zoosporangia (Fig. 1E) , were present. Zoospores were also observed, but only in very heavily infected individuals, which typically had an overwhelming number of parasite cells that replaced most of the connective tissue (Fig. 1F) .
Development of diagnostic PCR tests and comparison with histology
PCR-1 did not prove to be species specific, as weak cross-reactions were observed with Perkinsus honshuensis and P. olseni ( Fig. 2A) . In addition, this primer set also produced large amplicons of approximately 1000 bp with P. chesapeaki and negative control scallop DNA. Although this assay was found to be lacking with respect to species specificity, it was found to be highly sensitive, allowing for detection of P. qugwadi DNA in a positive sample that had been diluted 100 000-fold with host DNA from uninfected individuals (Fig. 2B) . All 44 individuals that tested positive for P. qugwadi by histological examination also tested positive using this PCR test. An additional 23 specimens tested positive by this PCR but were negative by histology. Thirty-three individuals tested negative by both histology and PCR-1 (Table 4A) .
The PCR-2 test proved to be highly specific for Perkinsus qugwadi and did not cross-react with any of the other Perkinsus species (Fig. 2A) . Although a faint band was observed from P. chesapeaki, the product size was larger than 300 bp and distinguishable from the 281 bp PCR product of P. qugwadi. The sensitivity of PCR-2 was lower than PCR-1; however, it still enabled detection of P. qugwadi DNA in a positive sample diluted 10 000-fold with uninfected host DNA (Fig. 2B) . Forty-one individuals that tested pos- itive by histology were also positive by this PCR assay, but 3 individuals positive by histology were negative by this assay. An additional 18 specimens were positive by PCR, but negative by histology, and 38 individuals were negative by both PCR and histology (Table 4B) .
Comparison of the 2 PCR tests shows that 52 individuals were positive by both PCR tests. Fifteen specimens were positive by PCR-1, but negative by PCR-2, while 7 individuals were negative by PCR-1, but positive by PCR-2. The reason for the discrepancy between these 2 PCR assays remains unknown, but it is speculated that differences in the structure of the amplified DNA region or DNA polymerase may affect the sensitivity. Twentysix indivi duals were negative by both PCR tests (Table 4C) .
Detection of Perkinsus qugwadi in native bivalve species
Since no other Perkinsus species are known to occur in British Columbia, the highly sensitive PCR-1 was used for this portion of the study. P. qugwadi was initially detected by PCR in some of the pooled samples of DNA from the native bivalve species. Additional PCR tests were conducted on individual DNA samples which yielded positive results for 4 mussels (Mytilus spp.), 2 rock oysters Pododesmus macro chisma, and 1 native little neck clam Protothaca staminea. However, a subsequent histological examination did not detect P. qugwadi in any of these individuals.
Identification of SSU rRNA gene sequence and phylogenetic analysis
A 1796 bp sequence of the Perkinsus qugwadi SSU and ITS1 rRNA gene was obtained and de posited in GenBank under accession number AB716689. A nucleotide BLAST search revealed that this se quence was most similar to the SSU rRNA gene of P. olseni, P. mediterraneus, and P. chesapeaki, having 96% identities to each. Both maximum likelihood (Fig. 3A) and neighbor-joining (Fig. 3B) trees showed that the Perkinsus species were placed as a sister clade of the dinoflagellates, and that P. qugwadi was at the base of this clade. P. honshuensis; Pmar: P. marinus; Pmed: P. mediterraneus; Pols: P. olseni; Pqug: P. qugwadi; −ve: uninfected healthy scallop; NTC: non-template control; M: 100 bp DNA ladder (Promega). Note that non-specific amplification products (asterisks) were produced from P. honshuensis and P. olseni. (B) Sensitivity testing of the PCR tests using P. qugwadi DNA extracted from a very heavily infected individual which was serially 10-fold diluted with DNA from a non-infected healthy scallop
DISCUSSION
Prior to this study, the last reported occurrence of Perkinsus qugwadi in Yesso scallops cultured along the west coast of Canada occurred in 1997. Bower et al. (1999) attributed the disappearance of this parasite from British Columbia to the development of resistance within stocks of Yesso scallops that had survived earlier infection. In our study, juvenile scallops with characteristic gross signs of infection with P. qugwadi were collected from the previous ende mic area. These infections were confirmed by histological examination. As the morphology of trophozoites, tomonts, and zoospores were identical to those described for P. qugwadi (Bower et al. 1992 , 1998 , Blackbourn et al. 1998 , we concluded that P. qugwadi still exists in British Columbia. In addition, at the time of sampling, mortality among juvenile scallops from the study area was estimated to be 20%; it now seems likely that this is at least partially attributable to infection with P. qugwadi, suggesting that this pathogen is still causing problems for scallop aquaculture in British Columbia. 
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Cryptosporidium parvum ( We developed 2 PCR tests for Perkinsus qugwadi that provide a rapid and sensitive detection method for disease surveillance and research purposes. PCR-1 using primer set PqugF9 and PqugR9b was not species specific, as it cross-reacted with the DNA of P. honshuensis and P. olseni; however, it was highly sensitive and had detection levels equal to a 100 000-fold dilution of P. qugwadi in host DNA. All specimens that tested positive by histology also tested positive by this PCR test. In addition, the PCR test detected parasite DNA in 52% more specimens than histology, indicating the usefulness of this method as a screening test for P. qugwadi. Although PCR-1 was not species specific, it is still considered to be a useful screening test for P. qugwadi, particularly in locations such as British Columbia, where the other species of Perkinsus do not occur.
PCR-2 using primer set PqugF7TC and PQ3R had high specificity to Perkinsus qugwadi; however, the sensitivity was lower when compared to PCR-1. Although 3 individuals that tested positive by histology were not detected by PCR-2, this PCR test detected parasite DNA in 34% more specimens than histology. Therefore, PCR-2 is still considered very useful for P. qugwadi screening, particularly in locations such as Japan where P. honshuensis and P. olseni are endemic.
As with any PCR-based diagnostic test, caution should always be used when interpreting results, especially from bivalve mollusks (Burreson 2008) . There are several possible reasons why some specimens tested positive by PCR but not by histology, including: (1) the presence of extremely light or cryptic infections, (2) the possibility that there are as yet unknown developmental stages of this parasite, and (3) the possibility that zoospore or other pathogen cell types may be adhered to gills, or inside the gut and not represent a 'true' infection. Future research including development of an in situ hybridization assay would be needed to further investigate the reason for discrepancies between these diagnostic methods. We recommend that a combination of both PCR and histology should be used, especially for surveillance and diagnosis of Perkinsus qugwadi from new areas or hosts. This recommendation follows that suggested by Burreson (2008) for other protistan infections of bivalves.
Introduction of the Yesso scallop into Canada was conducted according to the ICES Code of Practice on the Introductions and Transfers of Marine Organisms 1994 (ICES 1995) , and broodstock from Japan were destroyed after the production of juveniles (Bower et al. 1998) . Since Perkinsus qugwadi and its associated mortality have not been reported in Japan, it is considered that the original host species of P. qugwadi is likely a native species in Canada. In the present study, we detected P. qugwadi DNA in a total of 7 individuals from 3 native bivalve species; however, no infections could be confirmed by histological examination. Again, it is possible that the PCR test detected a free-living stage of P. qugwadi or that there are unknown morphological stages of P. qugwadi. Further testing of native bivalve species using PCR, histology, and in situ hybridization would be required to establish with certainty whether other hosts of this parasite occur in British Columbia. Such studies would be of particular value for the Pacific pink scallop Chlamys rubida, which was shown to be slightly susceptible to infection under experimental conditions (Bower et al. 1999) .
Differences in the ultrastructure of some orga nelles, developmental stages, and diagnosis by Ray's fluid thioglycollate medium (RFTM) assays (Ray 1966) between Perkinsus qugwadi and other Perkinsus spp. have been recognized (Blackbourn et al. 1998) . Also, in past phylogenetic analyses using ITS1 rRNA gene, P. qugwadi was consistently shown as an outgroup of the Perkinsus genera (Casas et al. 2002a ,b, Dungan et al. 2002 , and the phylogenetic relationship of P. qugwadi to other Perkinsus spp. had yet to be examined. The present study se quenced the SSU rRNA gene of P. qugwadi, which is often used for phylogenetic analysis in various orga nisms (e.g. Littlewood et al. 1999 , Cavalier-Smith & Chao 2003 , and demonstrated that P. qugwadi can be phylogenetically placed in a basal position relative to the other Perkinsus spp., implying the importance of P. qugwadi in understanding the evolution of the genus Perkinsus.
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